This paper explores the application of Plenoptic Particle Image Velocimetry (PIV) to study a Shock Wave-Turbulent Boundary Layer Interaction (SBLI) induced by an unswept fin. The fin is placed in a Mach 2 flow at an angle of attack of 15
I. Introduction
T he interaction of a shock wave and a turbulent boundary layer is a ubiquitous occurrence in the flight of supersonic aircraft. It is commonly assumed that the first reference to this possible interaction was written by Antonio Ferri in 1939.
1, 2 The discovery of this complex interaction was a simple first step in the motivation of more than 60 years of research. External areas such as the intersections of a wing and fuselage as well as internal areas such as inlets and diffusers often experience shock wave-boundary layer interactions (SBLI). Detrimental effects such as flow separation, enhanced heat transfer, and pressure losses are common occurrences due to SBLI. Some of these detrimental effects were realized early in the development of supersonic aircraft. As one example, the hypersonic X-15 nearly burned a hole in its fuselage during testing of a high-speed research engine. 3, 4 The engine was attached underneath the X-15, and an impinging shock burned through the attachment causing the engine to separate from the plane. Had the engine remained attached, a hole would have burned in the fuselage causing the X-15 to fall apart in flight. These types of problems have become apparent throughout the development of supersonic aircraft, and they have been the major motivation behind more than 60 years of research on SBLI.
Shock-boundary layer interactions can be subdivided into quasi-2D and 3D interactions based on the flow geometry. Many SBLI are inherently 3D due to the flow geometry, but a large portion of the past research has been dedicated to studies of quasi-2D interactions. While these 2D studies are of significant importance to the overall knowledge, the presence of inherently 3D interactions should encourage studies using 3D techniques. The study of 3D SBLI is a growing field, and researchers are using the base of knowledge from quasi-2D interactions to progress in 3D experiments. Settles and Dolling 5 provided an overview of the types of swept interactions, and they classified them into semi-infinite and non-semi-infinite groups. In addition, they classified the semi-infinite interactions into dimensionless and dimensional interactions. Shock generators that are large enough that changes in the generator dimensions do not result in changes in the interaction properties result in semi-infinite interactions. Dimensionless interactions are those in which the generator imposes no length scale on the interaction. Many dimensionless interactions exhibit some form of symmetry. In the swept interactions, this is often displayed as cylindrical or conical symmetry, but cylindrical symmetry is often limited to interactions with very small sweep angles. The present study is a volumetric particle image velocimetry (PIV) study of the shock waveboundary layer interaction caused by an unswept fin in a supersonic flow. This unswept fin still causes a swept interaction. In this sense, the sweep of the fin refers to the angle the fin leading edge makes with the vertical axis, and a swept interaction refers to the angle of the inviscid shock wave with respect to the spanwise axis. A diagram of the fin and interaction features with respect to the incoming flow is shown in Figure 1 . This figure is from a previous study in the same facility and geometry. 6 The incoming flow is at Mach 2, and the fin is set at a 15
• angle of attack. This results in a planar oblique shock wave at an angle of 45
• with respect to the free stream. The interaction of the shock wave with the floor of the test section results in a λ-shaped structure that is shown in Figure 2 . The adverse pressure gradient created by the shock wave results in boundary layer separation which is marked as a vortex in Figure 2 . The boundary layer separation occurs nearly directly underneath the inviscid shock and necessitates the formation of a shock wave forward of the inviscid shock and near the boundary layer. This results in the separation shock which is the forward leg of the λ structure. The separation shock also turns the flow upward above the separation bubble, and the interaction of the flow at this high angle with the flow behind the inviscid shock requires the formation of an additional shock to allow the two flows to be at the same angle. The shock that forms here is the rear shock. The interaction of the flow behind the rear shock and the inviscid shock results in a slip line. This type of SBLI has been studied previously by a number of authors, but in most cases the studies have been either line-of-sight techniques or 2D techniques. Neither of these experimental techniques can provide the full range of information regarding the flow field because they are inherently limited to quasi-2D representations. Previous studies [7] [8] [9] have shown a quasi-conical symmetry in the region away from the fin apex. This quasiconical symmetry can be understood to show that the interaction is inherently 3D. Conical symmetry is not limited to unswept fin SBLI. Conical symmetry is seen in many cases, such as swept compression corners, swept wedges, and semicones. The symmetry of an SBLI is often exploited by experimentalists in order to develop experimental techniques that can provide useful results. Hainsworth et al. 10 exploited the conical symmetry of a swept wedge SBLI in order to obtain some 3D information about the flow. In their study, planar PIV was performed at different planes along the shock wave in order to determine the change in the interaction features at various spanwise distances. In addition, Arora et al. 6 used a similar technique to perform planar PIV on an unswept fin SBLI. In this study, planar PIV was performed on planes normal to the shock wave and at different depths away from the fin apex. This study is discussed further in the present results, and direct comparisons are made between the two measurements. Yet another unique exploitation of the interaction symmetry was the conical shadowgraphy study of Alvi and Settles.
7 A collimated beam of light was focused to a single point (the virtual conical origin) forward of the fin apex. The virtual conical origin is the intersection of the lines of symmetry of the inviscid shock, separation shock, and reattachment line. By focusing a collimated light source to this point, the cone of light that propagates through the flow field is directly aligned with the cone of symmetry of the interaction thus allowing a quasi-2D representation of the interaction structure. Figure 2 shows the interaction structure of an unswept fin SBLI that was generated from this study. This figure shows all of the major features, including the separation shock, rear shock, and slip region. Unique to this study was the visualization of the normal shock in the slip region at high Mach numbers. Previous studies had shown the secondary separation vortex at β S2 . Both the secondary separation and normal shock in the slip region are unique features exhibited only at high Mach numbers, and they are not seen in the present study.
There is an inherent unsteadiness exhibited in nearly all SBLI studies, and there is a recurring argument regarding the source of the unsteadiness. Some researchers insist that the source of the unsteadiness is the incoming structures from the upstream flow, while others insist that downstream effects are the cause.
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Two papers by Ganapathisubramani 12, 13 discuss the major structures that are present in turbulent boundary layers. Those papers also refer to a previous vortex packet model called the very large scale motion model which was discussed by Kim and Adrian.
14 The very large scale motion model provides an easy method to understand the reasoning behind the upstream influence with regard to unsteadiness. As large packets of vortices pass through the interaction, they cause major warping in the structure. Two previous papers 15, 16 specifically discussed direct numerical simulation data that seemed to contradict the idea of upstream influence being the major factor. While these studies refer to ramp SBLI, the structure and effects are similar, but there is a line of thinking that each individual SBLI geometry causes a difference in major factors of the unsteadiness. Regardless of the influence, it is well known that there is considerable unsteadiness in SBLI. While the major factors causing unsteadiness are not able to be explored in this study, the effects of this unsteadiness are shown.
The need for experimental studies of 3D interactions presents a unique challenge in terms of the experimental techniques that can be utilized. All of the aforementioned studies utilized 2D techniques either at various depths or in line of sight measurements. While 2D scanning and sweeping techniques can show some change, the complete 3D nature of the flow may only be elucidated by a fundamentally 3D measurement. Many 3D techniques require multiple cameras that are separated by large angles. This presents a problem in a large number of supersonic wind tunnels because many have very limited areas of optical access. Plenoptic cameras are a unique imaging system capable of capturing the angular information as well as spatial information about light in a scene using only one camera. Plenoptic cameras have many benefits including simplified calibration and setup and increased applicability in areas of limited optical access compared to multi-camera techniques. The ability of a single plenoptic camera to capture 3D information allows a user to simply set up one camera along the desired optical axis without the need for additional steps to calibrate cameras. In some cases a wind tunnel window or other area of optical access may be too small for a multi-camera system, and in many of these cases plenoptic cameras can be used to obtain 3D data. This paper shows the application of this single-camera, 3D imaging system to a complex and inherently 3D SBLI. The results are compared to previous literature, and new results display the true 3D nature of the flow.
II. Experimental Setup

A. Wind Tunnel Facility and Arrangement
The experiments were performed in the supersonic wind tunnel facility at the Florida Center for Advanced Aero-Propulsion of Florida State University (FCAAP-FSU). Pressurized air is supplied from a reservoir with a volume of 113 m 3 at 500 psi. The test section is 76.2 mm high, 101.6 mm wide, and 393.7 mm long. The experiments were run at Mach 2, and the stagnation temperature and pressure were 51 psi and 296 K, respectively. At these conditions the facility is capable of a 3 minute runtime. The fin model is 76.2 mm in length and 37.5 mm in height. The angle of attack is set at 15
• , which produces an oblique shock wave at 45
• from the fin apex. The test section of the wind tunnel can be configured for optical access from all sides, but the fin model does not allow for optical access from the top. In this experiment, the test section was configured for optical access from the bottom and side. Figure 3 shows an unscaled version of the experimental arrangement as viewed from the top. The flow is from left to right, and an unswept fin is placed in the test section. The laser volume is marked in green, and the inviscid shock trace is shown in orange. For simplicity, all results shown in this paper are oriented such that the fin is on the bottom surface, but the fin was top mounted in the physical experimental arrangement. The top mounting was due to the tunnel support structure limiting a camera's optical access to the bottom of the test section. The laser was introduced from the bottom. It is known that a 90
• Mie scattering provides the worst signal to noise ratio possible, 17 however, the alignment is extremely limited due to facility limitations. Possible other arrangements such as back scattering were explored, but the space limitations in the facility precluded their use.
B. Plenoptic PIV
The plenoptic camera's only physical difference with a conventional camera is the addition of a microlens array in front of the image sensor. Where a conventional camera maps all of the light from a single point on the focal plane to a single pixel on the image sensor, a plenoptic camera's array of microlenses map light from a point on the focal plane to different pixels on the image sensor based on the angle entering the main lens, and this relationship is shown graphically in Figure 4 . This figure is not to scale because the plenoptic camera used in this study has many more pixels behind each microlens and the distance between the microlens array and image sensor is minute compared to the remainder of the optical path length. Perhaps the most well-known feature of the plenoptic camera is computational refocusing. A single image taken with a plenoptic camera can be computationally refocused to different planes in the scene. This feature can be used to reconstruct volumes of particles for particle image velocimetry (PIV) as detailed in Fahringer et al.
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In addition, previous studies and ongoing efforts in the Advanced Flow Diagnostics Laboratory (AFDL) at Auburn University are seeking to utilize plenoptic cameras to obtain 3D background-oriented schlieren (BOS) data.
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Figure 4: Conventional Vs Plenoptic Cameras
Plenoptic PIV is similar to tomographic PIV in terms of laser arrangement. A laser beam is spread using two cylindrical lenses or a single spherical lens. The flow is seeded with some form of particle seeding. Tomographic PIV provides high resolution results with significant clarity, but requires a large area of optical access that is not present in most supersonic facilities. The major difference for plenoptic PIV is the use of a single plenoptic camera to capture all of the particles in the laser volume. The plenoptic camera's microlens array allows each pixel behind a microlens to describe the angular information of a ray of light while the microlens location describes the spatial information of the same ray. This unique feature of plenoptic cameras enables a user to capture 3D information from a single camera. A single camera is aligned with an optical axis parallel to the z-axis of the laser volume and orthogonal to the x and y axes of the volume. Plenoptic PIV can also be described with a very similar setup to planar PIV. Instead of a laser sheet, the sheet is thickened in the z-direction. This thickening is generally on the order of the x or y axis length.
In many supersonic wind tunnel facilities, optical access is extremely limited due to the small test section size. An imaging technique such as tomographic PIV often cannot be used because the required angular separation between cameras cannot be achieved due to the small window. In the case of a plenoptic camera, any test section configured for even a small area of optical access can provide useful 3D information. The limitation of a plenoptic camera lies in the natural restriction of a single camera to capturing small angles. Geometrically, a single camera lens with a fixed diameter captures only a limited cone of light entering the camera. In PIV, this limitation does not extrapolate to major issues with data because the particles in the flow are small and sparse and therefore do not often occlude one another. In other applications of a plenoptic camera, this limitation can become more apparent. Solid objects lying behind one another may not be fully captured due to the limited angles. There is a small error in the reconstruction of the particles at times. Some particles are reconstructed as oval shapes with an elongation in the z-axis instead of perfect spheres. This limitation has shown itself cause minimal error of the measurements in ongoing efforts, and as shown later, it has not appreciably affected the results in this paper.
The laser was a Quantel Evergreen HP Laser (400 mJ per pulse). The time between laser pulses was 1.7 µs.
The laser volume was formed using a 1000 mm spherical convex lens followed by two cylindrical concave lenses which were 90
• opposed to each other in order to spread in different directions. Two cylindrical lenses were used due to the ability to have different focal lengths and spread unevenly in the two directions. The laser volume was limited via restrictions at the test section window in the z-direction to 31.75 mm. The camera limited the volume to 24 mmx36 mm in the x and y directions, respectively. The disparity between the x and z dimensions of the laser volume was the reason for the choice of separate cylindrical lenses. This effort was made to keep as much of the laser intensity as possible inside the desired volume.
The laser timing was generated using a Stanford Research Systems DG645 digital delay generator and a Quantum Composers 9500 Series pulse generator. The flash lamp limitation of the laser was 10Hz, but the camera limitation was 0.5 Hz. The advanced triggering features of the SRS DG645 were used to prescale the input from the pulse generator by 20. The pulse generator was used to run the flash lamps of both laser 1 and 2. It was set to a continuous mode with a 10 Hz rate. Channel A was the flash lamp 1, and it had a width of 30 µs and no delay. Channel B was the flash lamp 2, and it had a width of 30 µs and a delay of 1.7 µs. Channel C was a connector to the external input of the delay generator, and it had a width of 30 µs with no delay. The delay generator was not prescaled overall, but individual prescales of 20 were set on each channel output. Channel A was the Q-switch for laser 1, and it had a width of 30 µs and a delay of 135 µs. The 135 µs delay was chosen due to the manufacturer's specifications for peak laser output. Channel B was the Q-switch for laser 2, and it had a width of 30 µs and a delay of 136.7 µs. Channel C was the camera's external trigger, and it had a width of 10 µs and a delay of 72.7 µs. The camera delay was in addition to an internal delay prior to the first exposure.
C. Imaging System and Seeding
The plenoptic camera was an Imperx 29MP camera (B6620) fitted with the microlens array mount. The lens was a Tamrom SP AF 60 mm lens, and it had an f-number of 2. The first exposure of the camera was limited to 8 µs, and the second exposure was a long exposure. The inter-frame time is 200 ns. A 532 nm ± 10 nm bandpass filter was placed in front of the main lens in order to curtail the laser reflection from the test section surface. Additionally, the surface was coated with a Gerber Technology Edge Ready Materials 210 fluorescent film. This film was intended to reflect the laser at a slightly higher wavelength although not all of the reflections were attenuated by the bandpass filter. The microlens array contained a hexagonally packed array of 471x362 microlenses, each with a focal length of 308 µm and a pitch of 77 µm. The camera magnification was -0.8889. The camera was focused to a plane in the center of the laser volume.
The particles were generated by a modified Wright nebulizer using Rosco fog liquid. The particles were an average of 1 µm diameter. The particles were introduced into the settling chamber of the tunnel. The relaxation time (τ p ) was suggested by Melling 20 as a measure of the particle's ability to respond to the fluctuations in a flow. Arora et al. 6 previously found the relaxation time of the particles used in these experiments to be 1 µs. Ragni et al. 21 reported common relaxation times to be 2 µs to 3 µs. The relaxation time of the particles in these experiments would indicate that the particles will follow the flow with reasonable accuracy.
D. Particle Reconstruction and Cross-Correlation
The reconstruction algorithm used in these experiments was detailed by Fahringer et al. 18 The volumes were reconstructed using filtered refocusing. After reconstruction, each of the particle volumes were filtered using a 3D highpass filter with a 5x5x5 kernel size in order to remove the low frequency gradients present due to window condensation and other noise. This filter removes features with a wavelength of more than 225 µm.
The particles with a diameter of 1 µm are therefore allowed to easily pass this filter. A 3D cross-correlation was performed on the filtered volumes in order to determine the velocity field. The cross-correlation was performed using 4 passes with cubic windows of 128, 64, 48, and 48 voxels for each pass respectively. The offset between windows was 64, 32, 24, and 12 voxels for each pass respectively. Vector validation was performed on each pass allowing only vectors with 2.5 standard deviations from their local means. The mean flow results are found using vector averaging of 550 vector fields.
III. Results and Discussion
A. Comparison with Previous Experiments
One major goal of these experiments was to prove the capability of plenoptic PIV to resolve the velocity field in this complex, supersonic flow. In order to validate the results of these experiments, they are compared with planar PIV results from a previous study in the same flow field. In addition, the results are validated from previous knowledge regarding the interaction structure, particularly the λ-shaped shock foot. The shock foot is shown below as Figure 5 . In Figure 5 , the flow is from left to right in the image. Figure 5 clearly shows the major features of an unswept fin SBLI such as the separation shock, rear shock, and slip line. This figure was generated from a conical shadowgraphy experiment. In conical shadowgraphy, the collimated light source is focused to a single point called the virtual conical origin (VCO). The VCO is the point where the lines of symmetry of the separation shock, inviscid shock, and reattachement line intersect. Generally, this point is upstream of the fin apex by some amount. For very low strength interactions, it is possible to have a VCO very close to the fin apex, but for stronger interactions there is an inception zone near the fin apex where the interaction exhibits no symmetry. The inception zone and the inherent strength of these interactions leads the VCO to shift slightly forward of the fin apex. The previous planar PIV study 6 was performed on two separate planes at distances of 0.5L and 0.66L away from the edge of the fin, where L is the fin length (L = 76.2 mm). These two planes were chosen to demonstrate the 3D nature of the interaction, and to show the conical symmetry. The results are displayed in Figure 6 . The 0.5L plane is shown on the right, and the 0.66L plane is shown on the left. In these images, the flow is from left to right. These two images are the result of a 1,000 image pair ensemble average correlation. The expected SBLI structure can be clearly seen from these results.
One of the major challenges of this experiment was maintaining suitable illumination over a large volume. The first attempt at these experiments used a laser of the same pulse energy as the planar PIV experiments (200 mJ/pulse). In essence, all of the pulse energy that was previously consolidated into a single sheet was spread into a 15 mm thick volume. This effectively decreased the signal to noise ratio by decreasing the perceived particle image intensity. For the second attempt, the experiments were performed with a nearly identical setup and twice the laser energy (400 mJ/pulse). The increase in laser energy contributed greatly to an increase in signal to noise ratio, but it was still not possible to obtain the same field of view as the previous experiments while maintaining acceptable signal to noise ratio. In order to combat this issue, the field of view of the camera and thus the illuminated volume were decreased in comparison with the previous experiments. The current field of view is overlaid on the previous contours in Figure 6 as a white box. The current field of view does not extend to the wall, and the reasoning behind this is discussed later. While the planar results present an image height equal to the fin height (37.5 mm) the plenoptic results image to 24 mm which is still larger than the expected interaction height. This restriction was added because the major interest of this paper does not lie in the free stream flow. In addition to the sensor noise, there was an issue with seeding accumulation on the test section window during the runs. The accumulation prohibited the camera from capturing the full intensity of particles in some regions of the image. A 3D highpass filter was performed on all of the volume pairs to remove some of the noise caused by this accumulation. Despite the challenges of this experiment, good results were obtained. While the dissimilar fields of view contribute to some difficulties in comparison, it is still relatively easy to make qualitative comparisons between the two results. The planes are not exactly identical, but they are in the same frame of reference. Due to the experimental setup, it was necessary to extract slices of the velocity field at a 45 degree angle rotated about the y axis. This extraction was done in order to align the planes normal to the shock wave as in the experimental setup of Arora et al. 6 The U velocity contours are shown in Figure 7a and 7b. Due to the conical symmetry of the interaction structure, certain features were expected from the plenoptic PIV results: the growth of the separation bubble with increased distance from the fin apex, the increase in the distance between the separation shock and the triple point, and the triple point rise in the y direction. One particular feature of interest to the authors was the triangular region behind the inviscid shock and directly above the triple point which shows a slower velocity. This result was shown in the planar PIV study, and it was of particular interest to the present authors to resolve the same feature with plenoptic PIV. Many of the expected features result from the conical symmetry of the interaction, but they can individually serve to validate the results in the present study.
It is noteworthy that the plenoptic PIV results appear to have a lower contour resolution. This artifact is due to a few differences between the experiments. While the previous planar PIV results utilize 1000 image pairs, the current results utilize 550 image pairs. The decrease in number was due to a disparity in frame rate between the two cameras. The planar PIV camera has a smaller CMOS image sensor which allows it to capture images at 15 Hz. The plenoptic PIV camera has a larger CCD image sensor and results in a frame rate of 1 Hz. This disparity caused the seeding accumulation and condensation on the test section window to become considerably more pronounced due to longer run times. Each of the test runs captured 20 image pairs, whereas a single planar PIV run could capture nearly all of the necessary image pairs. Due to this issue and a limited time frame, it was more difficult to capture a large number of image pairs that had high signal to noise ratio. Additionally, the 15th through 20th image pairs were thrown out from each run due to seeding accumulation.
Another feature that causes some resolution differences is the microlens array. The microlens array serves to decrease the spatial resolution of the camera while increasing the angular resolution. While this allows a single camera to capture 3D information, it essentially spreads the resolution of the camera into a volume instead of a single plane. Whereas the 5MP camera utilized by the planar PIV experiments causes a spatial resolution of 5 million pixels, the 29MP plenoptic camera translates to 29 million voxels of information. The spatial resolution at a single plane becomes limited to the number of microlenses instead of the number of pixels. Instead of 2560x2160 resolution, extracted planes from the plenoptic results are limited to essentially 300x400 resolution.
Another limitation of the present results was the necessary inclination of the camera with respect to the horizontal. Due to the 400 mJ laser, there were considerable reflections from the test section surface. In order to combat the reflections, the camera was inclined slightly with respect to the horizontal to occlude the test section surface from its field of view. This inclination led to an inability to resolve the fully reversed flow at the bottom of the interaction, but it is important to note that the slowing towards reversed flow appears to be shown in both slices. The features observed in planar PIV near the slip line also appear to be shown to some extent in the plenoptic results, and there are two small regions of slower velocity starting to show beneath the slip line in the plenoptic results.
For simplicity, the interaction structure has been marked in both images with white dotted lines. It can be clearly seen that the overall features are resolved similarly by both the planar and plenoptic PIV. The inviscid shock trace is shown as the upper line. Much discussion has taken place amongst the authors regarding the inclination of the inviscid shock with respect to the wall normal. Under idealized conditions, the inviscid shock would be expected to be orthogonal to the test section floor, but the inclined shock is seen in nearly all of the similar studies known to the authors. One possible explanation for this feature is that the fin does not span the entire vertical portion of the test section. This leaves a considerable portion of the test section with a flow that experiences no compression. It is intuitive to think that the lack of compression at the top of the test section would result in a progressively weakening shock for an increase in wall normal direction. In essence, the inviscid shock is likely to become a Mach wave at some point above the fin. The progressively weakening shock could also thus be forced to incline slightly by the free stream flow. If this feature were to cause the inclination, it would be reasonable to expect the inviscid shock angle to increase with an increase in distance away from the fin apex. It is noted that a slight increase in the angle is seen in the present study, but the change in angle is very small. The presence of even this slight change in angle indicates the possibility of free stream effects.
The separation shock is not as well resolved as the inviscid shock, and there are many plausible explanations as to why this occurs. Edges of images are known in PIV to be the worst areas of correlation.
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In plenoptic PIV, this effect may become even more pronounced. In addition, seeding accumulation on the window was stronger near the interaction which effectively decreased the signal to noise ratio in this region. It is interesting to note that the upward turn of the highest contour is present in both attempts at this experiment. After the first attempt, it was assumed that the upward turn was an artifact of the extremely low signal to noise ratio of the first attempt. It is possible that there is an element of the experimental setup that is causing this feature.
The rear shock is relatively well resolved, and it appears to have the same slight angle as the previous results. The rear shock does not extend very far toward the boundary layer, and this is also seen in the planar PIV results. This element also helps to identify the slowing in the boundary layer toward fully reversed flow.
One can easily see the slowing beneath the labeled rear shock in the planar results, and it is possible to think of an extension below the bottom of the plenoptic results to show the slowing toward fully reversed flow. The slip line is not as well resolved, but the increase in velocity beneath the slip line is shown in the plenoptic results. The increase in velocity was shown by Alvi and Settles 7 to result in an impinging jet with a normal shock for very strong interactions. This increase in velocity is resolved in the plenoptic results, and it allows some confidence with regard to the location of the slip line.
All of the issues present with plenoptic PIV are small in comparison to the ability to obtain 3D information from a single camera, especially in areas with limited optical access. This is not to say that the issues are insignificant, but rather a researcher should know the limitations of the experimental techniques they use in order to select the appropriate tool. In many cases, the need for 3D information in an area of limited optical access would necessitate the use of a tool such as a plenoptic camera. If one is willing to accept a decreased resolution compared to 2D techniques, a plenoptic camera is an extremely useful tool. Overall, these results have shown that plenoptic PIV can resolve the same information as planar PIV, and they have shown that plenoptic PIV is capable of imaging in complex supersonic flows.
B. Time Averaged Results
The iso-surface of U velocity shown in Figure 8a is a view from the top of the experimental setup. One can clearly see the inviscid shock in the volume shown as the most upstream iso-surface. This figure includes the iso-surfaces of the shock wave, and it includes iso-surfaces of the slip region, rear shock, or free stream. The fin is shown in the top of the figure, and the flow is from left to right. The iso-surfaces truly show the ability of a plenoptic camera to capture a full 3D volume instead of focusing merely on extracted planes. It is interesting to note that the inviscid shock appears to be nearly straight indicating a good convergence of mean flow. These figures should also serve to help the reader understand the orientation of the volume with regard to the fin. Figure 8b shows a side view of the iso-surfaces of U velocity. This figure serves to show some of the features of the shock foot and the conical nature of the interaction. One can see the separation shock in the furthest upstream iso-surface. It is interesting to note the change in the curvature at the bottom of the most upstream iso-surface which corresponds to the change in the angle of the separation shock. The second iso-surface shows many elements of the interaction structure such as the inviscid shock, flow behind the separation shock, and the rear shock. The portion highest in the y-axis shows the inviscid shock. This is due to the apparent spreading of the shock due to particle response times. The middle portion of the iso-surface shows the rear shock. This can be seen because there is an apparent curvature of the iso-surface toward a nearly vertical alignment. Additionally, the lowest part of the iso-surface shows a portion of the flow behind the separation shock. As can be seen in the planar PIV results of Figure 6 , there is a flow directed slightly upward around the top of the separation bubble. The flow upward around the separation bubble is seen in the lower portion of this iso-surface. The lower portion of the third iso-surface shows elements of the slowing towards fully reversed flow in the separation bubble. Additionally, the middle portion of the third iso-surface shows some of the triangular region behind the inviscid shock that was discussed earlier.
The third iso-surface and a portion of the second also exhibit the slowing of the velocity toward fully separated flow in the boundary layer, and they display the conical symmetry of this region. One can see the increase in vertical distance of the bottom portions of these iso-surfaces in Figure 8c . The bottom of the third iso-surface clearly shows the conical symmetry of the separation region. With increasing streamwise distance, the second and third iso-surfaces expand upward. Since conical symmetry is a well established feature of this interaction geometry, this feature was expected to be a major portion of the iso-surfaces. There is a slight error due to the camera's inclination with regard to the test section, and one can notice that the bottom of the third iso-surface propagates only through approximately half of the volume. The other portions of this region were occluded due to the inclination of the camera. As previously mentioned, there was a slight inclination of the camera to avoid reflections from the test section. Future work will remove the effects of this inclination through spatial calibration techniques. Figure 9a and 9b show contours of U velocity for two different image pairs at the same location. These contours are shown to display the unsteadiness that is present in this interaction. One can see the changes in the structure of the separation shock. There is an apparent warping of the separation shock. There is also a slight movement of the inviscid shock in the x-direction. The movement and warping of the inviscid shock are not seen on the same scale as the warping of the separation shock. One of the major features that is seen is a change in the region behind the inviscid shock. While the instantaneous results do not display the same contouring behind the inviscid shock as the mean flow, one could notice how the features present in these results lead to the contouring in the mean flow. The frame rate of the plenoptic camera used in these experiments prohibits an extensive study of the frequencies of the unsteadiness, but it is possible to notice the change in the interaction structure between instantaneous image pairs in order to see what effects the unsteadiness has on the interaction. These two slices reveal that warping and shifting of the inviscid and separation shocks are a major effect of the unsteadiness. Figure 10a shows an iso-surface of U velocity of a single image pair. Overlaid on this image is a black box outlining a particular region of interest that is the focus of Figure 10b and 10c. These two figures show the iso-surfaces of a portion of the region above the separation bubble. These two figures are shown to Figure 10 : Iso-Surfaces of U Velocity display the unsteadiness of the separation bubble. One can see a large amount of warping in this region. It is interesting to see the truly 3D structure that is formed by the separation bubble. Figure 10b is a very good example of the warped separation bubble. Figure 10c is an additional example of the extreme warping. Both of these figures demonstrate the amount of growth and shrinking in the separation bubble. These unique figures showcase a portion of the complete 3D velocity field that can be captured using a single plenoptic camera.
IV. Conclusions and Future Work
These experiments instilled great confidence in the authors of the ability of plenoptic cameras to be utilized for volumetric PIV in a supersonic flow. Plenoptic cameras are proving to be a powerful measurement tool that can be applied in many types of flows and facilities, and they show additional promise in their ability to obtain 3D information in facilities with extremely limited optical access. Previous experimentation has shown the validity of plenoptic PIV in subsonic and liquid flows, and other experiments are showing the usefulness of plenoptic background-oriented Schlieren (BOS) as a measurement of 3D density gradients.
This experiment utilized plenoptic PIV to obtain 3D velocity information about the interaction of a shock wave and a turbulent boundary layer generated by an unswept fin in a Mach 2 flow. The fin was top-mounted in the test section to obtain the best optical access. The laser was brought in the test section from the bottom, and the volume was formed using a spherical convex and two cylindrical concave lenses. The volume was a 36 mmx24 mmx31.75 mm volume set slightly away from the fin apex. A single plenoptic camera with an optical axis parallel to the z axis of the volume captured the intensity information, and this information was computationally reconstructed to obtain the particle volumes. The volume pairs were correlated with a 3D cross-correlation in order to obtain the velocity field.
The expected structure of an unswept fin generated SBLI is clearly imaged by the present results. The inviscid shock is very well resolved, and major features regarding its three-dimensionality are clearly seen. The true 3D nature of these features is well-presented by iso-surfaces of the U velocity. The curvature of the inviscid shock toward the triple point and separation shock is one major 3D feature that can be seen by the present results. In addition, the iso-surfaces and contours show the slightly upward motion of the flow around the separation bubble. The rear shock is also well resolved, and it exhibits the same features as seen in planar PIV experiments. One of the features that was not as well resolved was the slip line. In the previous experiments, there was a clear delineation of the contours below and above the slip line. Although this was not a major difference in velocity, the contour lines did show the presence of the slip line. In the present results, there is a slight difference in velocity contours that shows the location of the slip line, but there is not the major delineation as seen previously.
Overall, there is an apparent decrease in the spatial resolution of the contours. This is due in part to a limited number of images in comparison to previous planar PIV results, and it is also partially due to a physical limitation of a plenoptic camera. Although plenoptic cameras generally have very high resolution image sensors (16-29 MP), they sacrifice a large portion of that spatial resolution in order to obtain the angular information. This reduction in effective spatial resolution leads to a decreased resolution of velocity contours. In addition, edge effects may become even more pronounced in plenoptic PIV. This is one possible reasoning behind the apparent upward turn of the highest contour.
Plenoptic cameras have proven to be an extremely useful tool despite their limitations. The limitations that exist are a small price to pay in order to obtain fully 3D information from a single camera. The large majority of supersonic facilities have limited optical access which allows only one or two cameras. In these cases, a plenoptic camera can provide extremely useful volumetric information. The comparison in this paper has shown that plenoptic PIV captures the same structure as planar PIV, albeit at a lower planar resolution. In addition, the iso-surfaces of U velocity have shown the fully 3D velocity field that is captured with a single plenoptic camera.
Future work will focus both on plenoptic PIV and its development and using plenoptic cameras for volumetric studies of SBLI. In the case of plenoptic PIV, many experiments are currently being done in heart valves, geological flows, water tunnels, and wind tunnels. The Advanced Flow Diagnostics Laboratory at Auburn University is continuously seeking new opportunities to apply plenoptic PIV in order to stretch the limits of this unique tool. With regard to SBLI, plenoptic BOS experiments have recently been performed in the same flow field studied here, and the preliminary results appear very promising. Plenoptic BOS results have shown the same structure shown here and in previous studies. Plenoptic PIV will also be continuously improved in order to obtain even better results in this flow field and for application to other SBLI flow fields.
